on Cx43/CIP85 expression or distribution and cell-cell junction (by dye transfer). This would be also a suitable system to interrogate the mechanisms. 4). Mechanism of CCRR function: Authors provided intriguing evidence that CCRR interacted with CIP85 directly and regulated Cx43 distribution at gap junction via CIP85/Cx43 complex. However, there are several significant issues with the supporting data. A. The data shown in Figure 3C /D is puzzling regarding the intracellular distribution. Cx43 is synthesized and inserted into the ER membrane, and then transported to cytoplasmic membrane followed by recycling back into lysosome for degradation or reinsertion. In heart, majority of Cx43 protein signaling should be detected on membrane. Authors should provide more details about the conditions used for fractionation (detergent content) and additional data to support the quality of the fractionation method. The same concern applies to CIP85, except in this case, the immunostaining shown in Figure 3e did not support discrete pattern of CIP85 distribution. The colocalization with Cx43 was clearly over-interpreted based on the overly saturated CIP85 signal covering the entire myocyte. B. Authors stated that CCRR regulates Cx43 via direct interaction with CIP85. However, the pulldown recovery with CIP85 for CCRR was very low (comparing with the total input), and there is no good control to support the specificity other than IgG. At least, authors should try to use another non-specific lncRNA as a negative control. Previous report from Lau's group indicate that CIP85 expression promotes Cx43 degradation. However, there is no data from current study to support that CIP85 interaction with CCRR had a significant impact on its binding or regulation to Cx43 distribution/cycling. Data shown in Figure 4a and b should be tested under control, HF and with CCRR manipulations. The overall hypothesis that CCRR down-regulation led to enhanced CIP85 interaction with Cx43 and its internalization and degradation lacks clear evidence and remains speculative at this time. 5 . NFAT mediated regulation of CCRR down-regulation. This is an interesting observation as NFAT is usually viewed as a transcription activator but the current data only demonstrated NFAT binding to CCRR promoter regions and its expression is correlated with CCRR expression. This is not a strong evidence to support NFAT is an immediate upstream regulator of CCRR expression. Nevertheless, this is not a critical issue for this report and authors should remove it to enhance the focus of this study, i.e. the functional relevance of CCRR in cardiac pathology, particularly, in arrhythmia.
Reviewer #1 (expert in cardiac physiology and connexin-43) Remarks to the Author:
This manuscript describes studies to identify and characterize a long non-coding RNA-dependent mechanism implicated in conduction slowing and contractile abnormalities in a model of pressure-overload heart failure. The authors first identified a lnc RNA that was downregulated in heart failure they renamed CCRR, and then, through a series of cellular, murine in vivo and human tissue sample studies, the authors propose the existence of a pathway through which heart failure (HF) leads to the activation of NFATc3, which represses CCRR expression, leading to increased accumulation of CIP85, increased endocytic internalization of Cx43, decreased gap junction function and conduction slowing, arrhythmogenesis and contractile deficits.
If shown to be true, this would represent an interesting, novel and potentially "targetable" pathway to lessen the disease manifestations associated with heart faliure. That being said, there are a number of questions associated with experimental methodology and interpretation that require some clarification.
Answer: We thank you for your very positive comments on our work. Our point-by-point explanations on the issues you raised are listed below.
There are some issues with quantification of results. In many figures, using a range of techniques FISH, Western blotting, immunostaining, etc.), the representative example shown seems significantly less impressive than the summary bar-graph data, or in some cases, the images are just not of sufficient resolution to be sure either way. By way of example, the degree of downregulation of CCRR in the HF tissue shown in Figure 1C is not particularly impressive, especially if downregulation of CCRR is critical for the validity of the entire pathway being proposed. Also, why do the authors believe CCRR should be organized into plaques?
Answer: We have double-checked our images and the quantified data based on the images to ensure the consistency between images and corresponding values as well as the accuracy of the data measurements and calculation. We have also invited two non-experimenters to repeat the analyses in a blind manner. The results reassured us that the bar-chart values now truly reflect the images in our study despite of the discrepancies between the visual effect and the values. Nonetheless, in order to address your concerns, we have conducted additional experiments on FISH, Western blotting and immunostaining analyses. The new data are consistent with our original results, and are incorporated into our revised manuscript.
Specifically for the FISH results in Figure 1c , we have to admit that our original analysis was performed under a relatively high brightness or background noise that could likely have significantly contaminated the true signals. We have therefore re-analyzed the images after having readjusted the brightness to minimize the background. In this way, we are now having a more discrete view of the staining and improved values measured based upon the brightness-adjusted images. As depicted in the new Figure 1c , the CCRR is overall stained evenly throughout the cytoplasm with some rod-or patch-shaped structures that we originally described as "plaques". We have now removed such a description, despite that with higher magnifications such aggregates could be seen.
Another example is the Western blot in Figure 3C . The increase of Cx43 in the membrane shown after transduction with Lv-CCRR seems no greater than that seen with the Lv-NC negative control. The comopanion immunofluorescence in Figure 3E has the red channel so bright that its very difficult to evaluate the Merged images showing Cx43 expression and its localization and abundance.
Answer: We thank you for bringing up these issues that we had apparently overlooked. For the Western blot results, we have re-checked our data and found that the main reason for the non-optimized Lv-NC negative control is due to the relatively large variations. To tackle this problem and other related issues as well, we have conducted additional Western blot experiments. With increased the number of experiments, the variations were reduced and the new data have been incorporated into Figure 3c .
For the immunostaining images, we have readjusted the brightness to minimize the background noise so that the discrete localization and abundance of Cx43 could be clearly viewed. The new data are shown in Figure 3e , which reaffirmed our original results and conclusions, and have also improved the quality of our data.
Other issues:
Why was intra-cavity infection used in some experiments and intra-coronary infection used in others? There is no explanation offered.
Answer: We thank you for picking up this issue; our original description is inaccurate. We have used only intra-cavity injection (injected into left ventricular chamber) throughout the experiments. Such a method has been well believed to yield circulation of viral vectors through coronary artery to enhance the delivery of the constructs. We have now corrected the description and unambiguously stated "intra-cavity injection" (page 6, line 10 and page 16, lines 9-10).
For some of the Western blots, the number of samples for membrane fraction is 3 but for cytoplasmic it is 5. Why?
Answer: The yield of protein extraction from membrane fraction is much lower than the cytoplasmic fraction, and in some experiments, the concentrations of the membrane protein samples were too low for Western blot analysis. This is why the number of membrane fraction was smaller than that of cytoplasm. We have now carried out additional Western blot experiments for all relevant data to increase the number of samples and minimize variations.
The epicardial recordings to measure conduction velocity involve single electrograms taken ~ 1cm apart. This is not very accurate, especially in the case of control hearts versus failing (and presumably enlarged hearts). Multi-electrode recordings or better yet, optical mapping with voltage sensitive dyes would be much more accurate. Related to this, how are you determining the moment of activation? In other words, how did you determine where to place the blue verticle line for each tracing? It does not seem consistent. Are these measurements done in sinus rhythm? It appears to be the case but please confirm.
Answer: We are lucky enough to have received our new instrument (MiCAM05 CMOS camera (SciMedia,USA)) for optical mapping of cardiac activation at the whole-heart level right during the course of our manuscript revision. This instrument allows for more straightforward and accurate measurements of cardiac activation and conduction. We have therefore repeated the measurements of cardiac conduction velocity using this technique. Our new data are in perfect agreement with our original conclusion that CCRR plays a key role in maintaining cardiac conduction and knockdown of CCRR slows cardiac conduction velocity. We therefore have replaced these new results for our data presentation of cardiac conduction in Figure 2 , and placed our original data to Supplementary Figure 2 as an additional piece of evidence.
For surface ECG measurements, we used the 2 nd deflection of an ECG trace that presumably corresponds to the "R" wave of QRS complex as a time of activation. The time-lag of such activation from different sites was taken as a measurement of conduction. This is a standard method, nothing special.
The Lv-NC seems to have shortened the VT Duration parameter almost as much as Lv-CCRR? Please comment.
Answer: We picked up a wrong trace to show in the original version of our manuscript. We have carefully inspected all traces to ensure the correct grouping, and replaced the wrong trace with the right one in the revised illustration (Figure 2b ).
The contractile deficit observed in this model is not seen with Cx43 KO, suggesting other factors besides Cx43 downregulation contribute to this aspect of the phenotype. Please comment. Its also unclear how restoration of Cx43 expression by transduction with CCRR so potently improves contractile function.
Answer: There could be two possible explanations for our observations on the changes of cardiac function. The first explanation is as mentioned by you that CCRR could act on other factors important to cardiac contractile function. However, in the absence of any supporting evidence, this view remains a speculation. Dedicated studies are required to clarify this issue in the future. We must emphasize that our study does not exclude the possibility that CCRR might be able to act on structural proteins of cardiomyocytes or other cells that are important to heart function and intercalated disc maintenance. For this, we have added a brief discussion providing the alternative explanation based on the possible structural alterations for our observations (page 11, lines 5-9).
The second explanation is that the observed changes in cardiac function are due to indirect effects secondary to the actions of CCRR on cardiac conduction. That is, targeting gap junctions/Cx43 alone can reasonably justify for the observed damages of intercalated disc and impairment of overall cardiac function. It has long been recognized and accepted that cardiac muscles operate as a single functional syncytium; that is, they contract in unison. Impaired intercellular electromechanical coupling could likely disrupt the functional syncytium resulting in cardiac contractile dysfunction (this point is actually mentioned at the very beginning of our manuscript). Electromechanical coupling between cardiomyocytes is a basic requirement for coordinated mechanical activity in the myocardium. Diminished presence of Cx43 in gap junctions is well known to cause discontinued impulse propagation or electrical uncoupling. This is because that cardiac contractile dysfunction may be accounted for, at least partly, by incoordination in contraction of individual myocytes secondary to fragmentation of the depolarizing wave front [1] [2] [3] . In addition, Cx43-associated gap coupling plays a significant role in the regulation of resting Ca 2+ signaling in normal ventricular myocytes [4, 5] , loss of which could hurt contractile function.
While the primary concern about the function of Cx43 has been on cardiac excitation conduction/arrhythmogenesis, a decent number of studies have been publishing demonstrating the role of Cx43 in cardiac contractile function. Indeed, it has been generally believed that downregulation of Cx43 in human failing heart has been implicated not only in arrhythmogenesis but also in contractile dysfunction as well.
For example, early in 1998, Kaprielian et al observed that a reduction in gap junction coupling is involved in the pathophysiology of hibernation in patients with ischemic heart disease, possibly by unmasking and exaggerating the existing local inhomogeneities in individual cell excitability, hence disrupting wave-front propagation, slowing conduction, and leading to loss of the local coordination in myocyte contraction [1] . The authors proposed that reduction of Cx43 content in gap junctions may contribute not only to arrhythmogenesis by creating anatomic substrates of abnormal conduction but also to wall motion impairment in hibernating myocardium. In hibernating myocardium, the large Cx43 gap junctions typically found at the periphery of the intercalated disc are smaller in size, and the overall amount of immunodetectable Cx43 per intercalated disc is reduced, compared with normally perfused myocardial regions of the same heart [1] . These findings were the first indication that Cx43 gap junction remodeling contributes to impaired ventricular contraction, in addition to arrhythmia, in human ischaemic heart disease. Saffitz & Yamada supported the idea and believed that the time has come to broaden our thinking about myocardial gap junction channels beyond their electrical coupling role and to consider their possible roles in coordinating metabolic and contractile functions [2] . Apart from alterations in Cx43 gap junction organization, marked reduction in ventricular Cx43 transcript and protein levels typifies the hearts of transplant patients with end-stage congestive heart failure [3] [4] [5] . This Cx43 reduction occurs irrespective of whether heart failure is due to ischemic heart disease, idiopathic dilated cardiomyopathy, or aortic stenosis [6] [7] [8] [9] . The reduction in Cx43 is spatially heterogeneous and develops progressively during the course of disease [10] . The average reduction of 50% was observed in the failing human ventricle [8] , which is consistent to our finding in the present study.
That heterogeneity in Cx43 expression is critical both to abnormal impulse propagation and contractile dysfunction was elegantly demonstrated experimentally by Gutstein et al in chimeric mice formed from Cx43-deficient embryonic stem cells and wild-type recipient blastocysts to model the heterogeneous pattern of gap junction expression typical of diseased myocardium [11, 12] . Such a remodeling of gap junctions has been observed in many forms of heart disease. The consequent loss of synchronous ventricular activation has been hypothesized to result in diminished cardiac performance [ The authors measure Nav1.5 levels and find them to be increased in the HF model, which is perhaps a bit surprising. Moreover, knocking down CCRR with Lv-siCCRR increases Nav1.5 levels. This contrasts with Cx43, in which lower levels of CCRR are associated with decreased Cx43. How do the authors reconcile this major difference? Answer: It is stated clearly in the Discussion section of our original version of manuscript that Cx43 is responsible for intercellular propagation of impulses and Nav1.5 accounts for intracellular conduction of excitation. The increase in Nav1.5 expression does not necessarily imply an increase in intracellular electrical conduction, simply because the membrane is depolarized in HF and such depolarization can likely render inactivation of Na + channels and slow the intracellular conduction. Even if upregulation of Nav1.5 could increase intracellular conduction, the impulses would not be able to propagate to the next cardiac fibers in the absence of Cx43. Nav1.5 levels may be increased, but to equate the level of protein expression with a functional parameter, i.e. "intracellular conduction" -is not justified. There are no data indicating functionality of the sodium channels.
Answer: It is commonly accepted that Nav1.5 accounts for intracellular conduction. We did not do any further investigations on Nav1.5 and the Na + current it carries, simply because the direction of the changes of Nav1.5 is not expected to provide any rational explanations for the conduction slowing induced by CCRR downregulation or knockdown.
Non-quantitative terms like "an impressive quanity…" probably are not the best to use.
Answer: We have removed all non-quantitative terms of descriptions and statements throughout the manuscript.
The manuscript will require careful editing to improve grammar.
Answer: We have double checked our manuscript for any issues on the writing and grammar.
Reviewer #2 (expert in cardiac physiology and connexin-43)
Remarks to the Author:
This manuscript presents the intriguing possibility that lncRNA AK045950 ("CCRR*") regulates Cx43 trafficking and is reduced in heart failure, decreasing Cx43 based cell-cell coupling and increasing arrhythmogenesis. The evidence of CCRR reduction in whole hearts and of intercalated disc structural changes, reduced EF, as well as the evidence of arrhythmia induction with reduced CCRR are convincing. However the models used, mechanism of arrhythmogenesis related to Cx43 trafficking, and explanation why CCRR reduces ejection fraction as well as increasing arrhythmia, all require significantly more clarification. The data suggest that CCRR relates to structural proteins of cardiomyocytes or other cells that influence cardiomyocytes, important for heart function as well as intercalated disc maintenance, rather than primarily targeting gap junctions as the name CCRR suggests.
Answer: We thank you very much for your overall positive comments on our work.
We have provided point-by-point clarification on your concerns, as detailed below.
In respect to your comments "The data suggest that CCRR relates to structural proteins of cardiomyocytes or other cells that influence cardiomyocytes, important for heart function as well as intercalated disc maintenance, rather than primarily targeting gap junctions as the name CCRR suggests", we are giving our explanations in this section.
First of all, we must emphasize that our study does not exclude the possibility that CCRR might be able to act on structural proteins of cardiomyocytes or other cells that are important to heart function and intercalated disc maintenance. Nonetheless, targeting gap junctions/Cx43 alone can reasonably justify for the observed damages of intercalated disc and impairment of overall cardiac function. It has long been recognized and accepted that cardiac muscles operate as a single functional syncytium; that is, they contract in unison. Impaired intercellular electromechanical coupling could likely disrupt the functional syncytium resulting in cardiac contractile dysfunction (this point is actually mentioned at the very beginning of our manuscript). Electromechanical coupling between cardiomyocytes is a basic requirement for coordinated mechanical activity in myocardium. Diminished presence of Cx43 in gap junctions is well known to cause discontinued impulse propagation or electrical uncoupling. This is because that cardiac contractile dysfunction may be accounted for, at least partly, by incoordination in contraction of individual myocytes secondary to fragmentation of the depolarizing wave front [1] [2] [3] . In addition, Cx43-associated gap coupling plays a significant role in the regulation of resting Ca 2+ signaling in normal ventricular myocytes [4, 5] , loss of which could badly hurt contractile function.
While the primary concern about the function of Cx43 has been on cardiac excitation conduction/arrhythmogenesis, a decent number of studies have been publishing demonstrating the role of Cx43 in cardiac contractile function. Indeed, it has been generally believed that downregulation of Cx43 in human failing heart has been implicated not only in arrhythmogenesis but in contractile dysfunction as well. For example, early in 1998, Kaprielian et al observed that a reduction in gap junction coupling is involved in the pathophysiology of hibernation in patients with ischaemic heart disease, possibly by unmasking and exaggerating the existing local inhomogeneities in individual cell excitability, hence disrupting wave-front propagation, slowing conduction, and leading to loss of the local coordination in myocyte contraction [1] . The authors proposed that reduction of Cx43 content in gap junctions may contribute not only to arrhythmogenesis by creating anatomic substrates of abnormal conduction but also to wall motion impairment in hibernating myocardium. In hibernating myocardium, the large Cx43 gap junctions typically found at the periphery of the intercalated disc are smaller in size, and the overall amount of immunodetectable Cx43 per intercalated disc is reduced, compared with normally perfused myocardial regions of the same heart [1] . These findings were the first indication that Cx43 gap junction remodeling contributes to impaired ventricular contraction, in addition to arrhythmia, in human ischaemic heart disease. Saffitz & Yamada supported the idea and believed that the time has come to broaden our thinking about myocardial gap junction channels beyond their electrical coupling role and to consider their possible roles in coordinating metabolic and contractile functions [2] . Apart from alterations in Cx43 gap junction organization, marked reduction in ventricular Cx43 transcript and protein levels typify the hearts of transplant patients with end-stage congestive heart failure. This Cx43 reduction occurs irrespective of whether heart failure is due to ischaemic heart disease, idiopathic dilated cardiomyopathy, or aortic stenosis [6] [7] [8] [9] . The reduction in Cx43 is spatially heterogeneous and develops progressively during the course of disease [10] . The average reduction of 50% was observed in the failing human ventricle [8] , which is consistent to our finding in the present study.
That heterogeneity in Cx43 expression is critical both to abnormal impulse propagation and contractile dysfunction is elegantly demonstrated experimentally by Gutstein et al in chimeric mice formed from Cx43-deficient embryonic stem cells and wild-type recipient blastocysts to model the heterogeneous pattern of gap junction expression typical of diseased myocardium [11, 12] . Such a remodeling of gap junctions has been observed in many forms of heart disease. The consequent loss of synchronous ventricular activation has been hypothesized to result in diminished cardiac performance [11, 12] .
Oyamada et al found that the expression and localization of Cx43 and gap-junctional intercellular communication are critical for the establishment of a synchronized contraction of cultured neonatal rat cardiac myocytes [13] 1. FISH data in mouse cardiac muscle (Figure 1b ) are statistically significant but quantitatively small and, based on the representative images, can be confounded by a high background signal. The modest reductions in myocytes in the setting of large reductions in mouse and human hearts suggest a non-cardiomyocyte contribution. Answer: We thank you for raising this issue. We do agree that the strong background noise might have rendered significant underestimation of the reduction of CCRR in the myocardium. To tackle this problem, we have re-analyzed the images after tuning down the background. In this way, the noise was minimized and the signal/noise ratio was enhanced. After such an adjustment, the decrease in CCRR in HF is better manifested (Fig. 1c) .
2. Reduced EF and disruption of the intercalated disc with rescue by CCRR are evidence of a structural consequence of CCRR rather than electrical. Cx43 gap junctions are likely the final read-out of an intact disc and cytoskeleton delivery apparatus. It is quite likely that CCRR does not directly affect Cx43 protein but rather disc structure which then can affect both Cx43 delivery and internalization. Answer: We entirely agree with you on there is a possibility for CCRR to act on the structure of the intercalated disc leading to electrical anomalies. However, we have provided several lines of evidence for the direct effect of CCRR on Cx43 as the primary mechanism for the altered electrical activities. First, our data obtained from electron microscopy clearly show the disruption of intercalated discs; this result itself is against the view that "Cx43 gap junctions are likely the final read-out of an intact disc". Second, in cultured and dispersed cardiomyocytes lacking the intercalated disc, similar decrease in Cx43 was consistently observed in the presence of siCCRR to silence endogenous CCRR, which could be effectively reversed by CCRR overexpression ( Fig. 3d & 3e; Supplementary Figure 7) . And finally, CCRR could interact directly with CIP85 (Fig. 4a) , an action likely relieving the internalization of Cx43, which is clearly indicated by the increases in both membrane and cytoplasmic levels of Cx43 proteins (Fig. 3c & 3e) . According to these arguments and the current absence of direct experimental evidence for the possibility that CCRR acts on the structure of the intercalated disc, we believe it makes better sense to interpret our data as the direct effect of Cx43.
Another piece of evidence in support of this notion is our histological examination showing the lack of effects of CCRR on cardiac fibrosis (see the images below). Nonetheless, to avoid neglecting the possibility, we have added a statement in this regard in the revised manuscript (Page 11, lines 5-9).
Reduced EF does not necessarily imply a structural consequence of CCRR; rather it could be reasonably explained by the reduced availability of Cx43. It is well known that cardiac muscles operate as a single functional syncytium; that is, they contract in unison. Impaired electrical coupling could likely disrupt the functional syncytium resulting in contractile dysfunction. Diminished presence of Cx43 in gap junctions is well known to cause discontinued impulse propagation or electrical uncoupling. Evidence in support of this possibility has been well documented in numerous published studies. More detailed explanations have been provided at the beginning of our Responses to your concerns.
Histological assessment of cardiac fibrosis with Masson's trichrome staining of cardiac sections under various conditions. Note that HF induced significant fibrosis and neither CCRR overexpression nor CCRR knockdown altered the cardiac fibrosis.
3. CIP85 changes are modest at best and appear too low to explain significant changes in Cx43 distribution. Other key factors have been identified with dramatic effects on Cx43 internalization such as phosphorylation status of casein kinase (CK) serines as well as serine 373 and 368. It is not clear why the investigation was restricted to CIP85. It is actually not clear why, assuming a primary defect in Cx43 trafficking, the investigation assumed the trafficking affect was internalization and not forward delivery of Cx43.
Answer: From our immunostaining results, it is clear that CIP85 is highly expressed in the cell relative to Cx43 (Figure 3e & 3f; Supplementary Figures 7  & 8) . Changes of small to moderate portions of CIP85 represent changes of a large number of CIP85 protein molecules, which is expected to bring about a great changes of Cx43. We therefore cannot agree with you on "CIP85 changes are modest at best and appear too low to explain significant changes in Cx43 distribution."
There could be more than one mechanisms for the actions of CCRR, just like for all other regulatory RNAs or even proteins, but we cannot test every possibility in one study. Our focus was on CIP85, and the reason for that is simply that our data point to this direction: the direction of internalization regulated by CIP85. While changes of Cx43 phosphorylation status can alter Cx43 function, they are not expected to alter Cx43 expression or distribution in the membrane. Yet, the latter is the main finding in the present study. Thus, there is not much justification for us to go with the low possibility.
It is again possible that the forward delivery process of Cx43 was also affected and our study does not try in any way to exclude such a possibility. However, we must focus on a specific direction, and most importantly, our results on CIP85 argues for its contribution to the observed loss of Cx43 in the cytoplasmic membrane.
4. The definition of HF, reduced EF, used for the TAC mice is invalid. HF is a clinical syndrome of cardiac origin volume overload. Reduced EF (< 50%) suggests the onset of dilated cardiomyopathy but does not provide evidence that the mice have HF. Body weight, lung weight, and physical activity measures are typically used to establish HF.
Answer: We are sort of being confused by your point. According to clinical interpretations, reduction of EF means decompensation of the heart or heart failure. In certain cases, patients can have a normal EF reading but still have heart failure (called heart failure with preserved ejection fraction). Patients with reduced EF are referred to as systolic heart failure. Transverse aortic constriction (TAC) in mice is a widely and frequently used experimental model for pressure overload-induced cardiac hypertrophy and HF. TAC initially leads to compensated hypertrophy of the heart, which often is associated with a temporary enhancement of cardiac contractility. Over time, however, the response to the chronic hemodynamic overload becomes maladaptive, resulting in cardiac dilatation and heart failure. Numerous studies have shown that TAC for 4-8 weeks is sufficient for HF to develop in mice [1-17], and our experimental observations and measurements were taken 8 weeks after TAC.
In our study EF was substantially reduced, which was accompanied by systolic impairments, and this is a strong indication of HF, as opposed to compensated heart with normal EF. Moreover, we did not solely use EF as an index for HF, but have also presented other parameters of cardiac function (Supplementary Tables 1 Tables 1-4 ).
Despite these above arguments, we have now also provided the data on body weight/body weight and lung weight/body weight ratios as additional evidence for HF (Supplementary Figure 11) . As expected, TAC resulted in greater heart weight-and lung weight-to-body weight ratios in HF mice and the mice treated with Lv-siCCRR. 5. The human samples of HF have considerable variability. Several of the samples of preserved ejection fraction while others have reduced ejection fraction. Two of the patients had mitral stenosis which could result in heart failure yet with an unaffected ventricle. A uniform reduced of CCRR in these samples argues against HF induced reductions and may be due either to other forms of cardiac disease or, quite possibly, an artifact of obtained samples from deceased individuals.
Answer: It is not unexpected that human samples are more variable compared to animals of pure breed; even the seemingly healthy subjects can have considerable variations. By comparing with numerous published studies, it becomes clear that the variation of our human data is reasonable and smaller than many other studies. To validate this argument, we have provided a scatterplot of the all individual human data in Figure 1b (right panel) , which demonstrates better-than-acceptable variations of our data. Also an important point is that the patients included in our study have a common diagnosis (they were all diagnosed with HF, but not as perceived by your guess "mitral stenosis which could result in heart failure yet with an unaffected ventricle") and a common change of CCRR (they all had a decreased CCRR level). The most rational and straightforward interpretation of these data is therefore that CCRR is downregulated in HF patients. One can always seek more complicated explanations for the observations, but that does not help clarify the issue. We could not agree with you on the point that a uniformly reduced CCRR in these samples argues against HF induced reductions. Conversely, our data indicate that regardless of how or by what kinds of etiology the patients developed HF, they all have significantly higher probability of CCRR downregulation.
Reviewer #3 (expert in cardiac physiology and lncRNA)
In this report, Sun et al, reported the functional characterization of an lncRNA, termed CCRR in cardiac conduction regulation. The expression of CCRR was measured in heart failure tissue. Loss-and gain-of function studies in mouse hearts and cultured myocytes were conducted to evaluate the impact of CCRR. In addition to slowing electric conduction, arrhythmogenesis and ultrastructure, changes in cardiac function and gene expression were also observed. Furthermore, CCRR impact on Cx43/CIP85 expression and distribution, as well as its interaction with Cx43/CIP85 complex was characterized. Finally, NFAT3 mediated regulation of CCRR down-regulation was demonstrated.
The concept of an lncRNA mediated modulation of cardiac conduction via direct interaction with Cx43/CIP85 complex is novel and potentially important based on in vivo gain/loss-of-function analysis. However, the current report appears to be quite preliminary in developing this hypothesis and in revealing the underlying mechanisms. The validity of the central conclusion should also be better demonstrated.
Answer: We are grateful to you for your very positive view and comments on our study. We have provided below the point-by-point explanations for the specific concerns you raised. 1). CCRR connection with abnormal EP in heart failure. Authors indicated that informatic analysis based on co-expression network of lncRNAs and coding RNAs in failing heart led to the initial hypothesis that CCRR was functionally linked to cardiac conduction. However, no specific details were provided to demonstrate how such connection was established and how significant of this connection from informatics analysis. In fact, both data from gain and loss of function studies appeared to indicate CCRR had a broad impact on cardiac pathology in addition to conduction defects, such as contractile dysfunction.
Answer: The detailed information is provided in our published study, as mentioned in the main text (page 5, lines 5-7): "Bioinformatics analyses (GO analysis, pathway analysis, and lncRNAs-mRNAs co-expression network analysis) enabled us to identify a subset of lncRNAs of high profiles linking to HF 16 ".
In respect to your comments "In fact, both data from gain and loss of function studies appeared to indicate CCRR had a broad impact on cardiac pathology in addition to conduction defects, such as contractile dysfunction", we are giving our explanations below. First of all, we must emphasize that our study does not exclude the possibility that CCRR might be able to act on structural proteins of cardiomyocytes or other cells that are important to heart function and intercalated disc maintenance. Nonetheless, targeting gap junctions/Cx43 alone provides reasonable explanations for the observed damages of intercalated disc and impairment of overall cardiac function. It has long been recognized and accepted that cardiac muscles operate as a single functional syncytium; that is, they contract in unison. Impaired intercellular electromechanical coupling could likely disrupt the functional syncytium resulting in contractile dysfunction (this point is actually mentioned at the very beginning of the original version of our manuscript). Electromechanical coupling between cardiomyocytes is a basic requirement for coordinated mechanical activity in myocardium. Diminished presence of Cx43 in gap junctions is well known to cause discontinued impulse propagation or electrical uncoupling. This is because that cardiac contractile dysfunction may be accounted for, at least partly, by incoordination in contraction of individual myocytes secondary to fragmentation of the depolarizing wave front [1] [2] [3] . In addition, Cx43-associated gap coupling plays a significant role in the regulation of resting Ca 2+ signaling in normal ventricular myocytes [4, 5] , loss of which can severely hurt contractile function.
While the primary concern about the function of Cx43 has been on cardiac excitation conduction/arrhythmogenesis, a decent number of studies have been publishing demonstrating the role of Cx43 in cardiac contractile function. Indeed, it has been generally believed that downregulation of Cx43 in human failing heart has been implicated not only in arrhythmogenesis but in contractile dysfunction as well.
For example, early in 1998, Kaprielian et al observed that a reduction in gap junction coupling is involved in the pathophysiology of hibernation in patients with ischaemic heart disease, possibly by unmasking and exaggerating the existing local inhomogeneities in individual cell excitability, hence disrupting wave-front propagation, slowing conduction, and leading to loss of the local coordination in myocyte contraction [1] . The authors proposed that reduction of Cx43 content in gap junctions may contribute not only to arrhythmogenesis by creating anatomic substrates of abnormal conduction but also to wall motion impairment in hibernating myocardium. In hibernating myocardium, the large Cx43 gap junctions typically found at the periphery of the intercalated disc are smaller in size, and the overall amount of immunodetectable Cx43 per intercalated disc is reduced, compared with normally perfused myocardial regions of the same heart [1] . These findings were the first indication that Cx43 gap junction remodeling contributes to impaired ventricular contraction, in addition to arrhythmia, in human ischaemic heart disease. Saffitz & Yamada supported the idea and believed that the time has come to broaden our thinking about myocardial gap junction channels beyond their electrical coupling role and to consider their possible roles in coordinating metabolic and contractile functions [2] . Apart from alterations in Cx43 gap junction organization, marked reduction in ventricular Cx43 transcript and protein levels typify the hearts of transplant patients with end-stage congestive heart failure. This Cx43 reduction occurs irrespective of whether heart failure is due to ischaemic heart disease, idiopathic dilated cardiomyopathy, or aortic stenosis [6] [7] [8] [9] . The reduction in Cx43 is spatially heterogeneous and develops progressively during the course of disease [10] . The average reduction of 50% was observed in the failing human ventricle [8] , which is consistent to our finding in the present study.
Oyamada Despite this rational argument, we have added a brief discussion providing the alternative explanation based on the possible structural alterations for our observations (page 11, lines 5-9).
1. 2). CCRR expression: Authors used both RT-PCR and FISH to detect CCRR expression. For lncRNA, it is important to validate the expression of full length transcript or other potential isoforms by northern blots. In addition, the FISH analysis in Figure 1 was not adequate in quality and amplifications, and lacked positive and negative controls. It is not clear the cellular structure associated with the enriched staining. But the pattern does not fit cell-cell junction or correlated with localization of Cx43/CIP85. This is a major concern. Answer: We have performed additional experiments using Northern blot analysis. The results are in perfect agreement with our original conclusion about the downregulation of CCRR in HF. The data is provided below (please see the image below). We do not include this data in our manuscript because it does not provide any new information beyond our data obtained from qPCR and FISH experiments, but will make our manuscript unnecessarily lengthy.
For additional FISH experiments, we added a negative control probe for the specificity of the CCRR probe used in our study (Figure 1c 3). Function of CCRR: authors presented evidence to support the effect of over-expression or siRNA KD on mouse heart function and cardiac conduction. As shown in Supplemental Figure 2 , the KD effect was very modest comparing to the observed reduction in HF samples. It is also not clear about the duration of CCRR over-expression throughout the development of HF (it is not clear at what time points during the experiment the data in Supplemental Figure 2 was obtained) . In addition, the KO or the overexpression by lentiviral vectors were performed without targeted cell-type specificity. Therefore, it is not clear in these experiments, the observed changes in cardiac phenotype were entirely due to their effect in cardiomyocytes. In addition to inter-cellular coupling, interstitial fibrosis can be a major contributor to conduction defects and arrhythmia. Authors observed significant changes in cardiac function in addition to cardiac conduction or rhythm. These changes may be related to each other. However, without more detailed temporal analysis and targeted intervention, it is not clear if cardiac conduction defect is a direct and specific outcome of CCRR expression or indirectly through contractile dysfunction. The viral constructs were administered into mouse heart by intra-cavity injection (injected into left ventricular chamber) one week before TAC surgery. This is stated in METHODS (page 16, lines 9-10).
All our measurements were made eight weeks following TAC surgery (This is stated in our manuscript; page 13, lines 4-6).
The fact that CCRR can reproduce its effects on Cx43 and CIP85 in cultured cardiomyocytes (Supplementary Figures 6-8) argues for its direct effects on cardiomyocytes in the in vivo setting, though the possible effects on other cell types cannot be ruled out.
We used conventional approach for virus infection and such an approach cannot rule out the possibility that the effects of CCRR on non-cardiomyocytes contribute to the observed changes in cardiac phenotype. Nonetheless, the key issue is that our data clearly demonstrated the direct effects of CCRR on Cx43; and we do not see any reason to take the non-straightforward data interpretations instead and to complicate the issue. For any piece of study (published or undergoing), multiple possibilities always and inevitably exist, but one can just focus on the one that gives the best explanation.
Our histological examinations failed to support the action of CCRR on cardiac fibrosis (please see below for the results).
Our explanations for the possibility of CCRR acting on contractile dysfunction have been provided above for your question #1. Cx43 is synthesized and inserted into the ER membrane, and then transported to cytoplasmic membrane followed by recycling back into lysosome for degradation or reinsertion. In heart, majority of Cx43 protein signaling should be detected on membrane. Authors should provide more details about the conditions used for fractionation (detergent content) and additional data to support the quality of the fractionation method. The same concern applies to CIP85, except in this case, the immunostaining shown in Figure 3e did not support discrete pattern of CIP85 distribution. The colocalization with Cx43 was clearly over-interpreted based on the overly saturated CIP85 signal covering the entire myocyte. Answer: Cx43, like any other membrane proteins, is synthesized in the endoplasmic reticulum and transported to the cytoplasmic membrane. Clearly, it exist in both cytoplasm and membrane. It is expected to see Cx43 signals in both cytoplasmic and membrane fractions with Western blotting using extracted protein samples. For immunocytochemistry, however, whether Cx43 can be visualized depends upon the antibody used for detection. If the antibody is directed to target the extracellular portion of Cx43, then cytoplasmic Cx43 is normally unable to be seen. In our study, the antibody is generated from the antigenic epitope of the extracellular region of Cx43 protein. Hence, it can recognize only the membrane Cx43 for immunocytostaining but both cytoplasmic and membrane Cx43 for immunoblotting.
As for CIP85, this protein is not supposed to have discrete pattern of distribution, but is ubiquitously expressed in the cytoplasm [ Figure 8) .
With all these lines of supporting evidence, we are confident to hold our original view about the mechanism of CCRR action, despite that we do not intend to exclude the contributions of any other possible mechanisms. 5). NFAT mediated regulation of CCRR down-regulation. This is an interesting observation as NFAT is usually viewed as a transcription activator but the current data only demonstrated NFAT binding to CCRR promoter regions and its expression is correlated with CCRR expression. This is not a strong evidence to support NFAT is an immediate upstream regulator of CCRR expression. Nevertheless, this is not a critical issue for this report and authors should remove it to enhance the focus of this study, i.e. the functional relevance of CCRR in cardiac pathology, particularly, in arrhythmia. Answer: To the best of our knowledge, NFAT can act both as a transcription activator and repressor, depending on different genes. As a matter of fact, NFAT often acts as a negative regulator (repressor) of transcription of genes (just to name a few references from the literature below). Nonetheless, we "cytoplasmic membrane" is a confusing term. What are you actually referring to?
Responses: It is well known that "cytoplasmic membrane" (or plasma membrane or cell membrane) is a double layer of lipids that surrounds the cytoplasm of a cell and separates the interior of a cell from its outside environment. We used this term to distinguish from other cell membrane structures (such as endoplasmic membrane, mitochondrial membrane, etc.). page 8 "pronouncedly promoted" This needs to be changed -perhaps to significantly increased Responses: We have changed "pronouncedly promoted" to "significantly increased", as suggested (page 8, line 25). Additionally, we have also changed all other non-quantitative adjectives to "significantly", where appropriate. page 9 Its curious that there is a inverse relationship between CCRR and Nav1.5. Please comment further on this observation.
Responses: We have commented on this observation as "These results indicated possible acceleration of intracellular conduction, presumably as a compensatory mechanism for the loss of intercellular conduction, and excluded Nav1.5 as a mechanistic link to the observed conduction disturbance in our model." (page 9, lines 9-12). We do not add any more discussion on this issue because in the absence of experimental data, pure theoretical speculation will not add more meaningful information to our work, but will unnecessarily lengthen our manuscript. Please clarify how the optical mapping was performed. Was CV calculated during pacing or sinus rhythm? If pacing, where was the heart paced? It says conduction from septal apex-base, however the map seems to show activation from base toward apex?? CVs are not usually calculated as described in your methods section. In addition, perhaps using a color LUT without a large grey section in the middle would improve the images.
Responses: The procedures for our optical mapping studies are described under the subsection "Determination of cardiac conduction velocity by optical mapping" in METHODS. Specifically, (1) Our mapping study was conducted during pacing with an pacing electrode fixed at apex; hence, CV was calculated during pacing; (2) Our mapping images indeed well demonstrate that conduction was along the septal apex-base axis in control hearts as well as in our HF model; (3) We described two different methods of CV determination and both of them are standard procedures that have been commonly used for such a purpose. The CV values provided in our study were automatically calculated by the software used for the mapping measurements; (4) The color gradient is set by the software for the best discrimination of different colors thereby CVs.
In panel B, the sham control has an inidence of 2/13 with VT. In panel D, the sham control has an incidence of 7/20. This is quite a bit of variation for what should be two comparable control groups. Please explain.
Responses: Please be noted that the two "Shams" are under different conditions. The "Sham" in panel B is relative to surgical procedures to create heart failure; that is, the sham animals underwent incision at the level of the suprasternal notch to allow direct access to the transverse aorta without opening chest. The "Sham" in panel D is relative to direct intramuscular injection of lentiviral constructs and the animals received open-chest surgery. Hence, the two "Shams" are not comparable. (The information is provided in METHODS of the main text and in Supplementary Materials)
